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Introduction 28
Most research on complex traits focuses on characterizing the genetic basis of phenotypic 29 diversity that is visible within populations (ATWELL et al. 2010; AYLOR et al. 2011; MACKAY et 30 al. 2012; BLOOM et al. 2013 ). Yet, these same populations can also harbor cryptic genetic 31 variation that does not typically impact phenotype, and is only observable when particular 32 genetic or environmental perturbations occur (RUTHERFORD AND it is imperative that we determine the extent of cryptic variation within populations, as well as 38 the mechanisms that convert this cryptic variation between silent and visible states. However, 39
such work is inherently difficult because the specific perturbations needed to uncover cryptic 40 variation, as well as the exact identities of the cryptic genetic variants (hereafter, 'cryptic 41 variants') that are affected by these perturbations, are rarely known. Such information is critical 42 to obtaining a more complete, mechanistic understanding of cryptic variation. 43
44
In previous papers, we developed an experimental system that can be used to systematically 45 identify cryptic variants influencing a colony phenotype in Saccharomyces cerevisiae (TAYLOR 46 AND EHRENREICH 2014; TAYLOR AND EHRENREICH 2015b; LEE et al. 2016; TAYLOR et al. 2016) . 47
The lab strain BY4716 (BY), a haploid derivative of the clinical isolate 322134S (3S), and their 48 haploid recombinant progeny form 'smooth' colonies when grown on solid media (Figure 1A) . 49 across temperatures, additional cryptic variation can often be found that reduces or eliminates 59 temperature sensitivity ( Figure 1C) . In other words, expression of the trait results from complex 60 interactions between the GPs, segregating loci, and temperature. 61 62 Crucially, genetic mapping and genetic engineering techniques can be used to comprehensively 63 identify the specific GPs and cryptic variants that enable a given rough segregant to express the 64 trait. In our initial work on colony morphology in the BYx3S cross, we found that a de novo loss-65 of-function mutation in IRA2 ('GPa'), a negative regulator of Ras signaling, had occurred during 66 the generation of BYx3S segregants and enabled ~2% of cross progeny to express the phenotype 67 (TAYLOR AND EHRENREICH 2014) ( Figure 1D) . Across several papers, we demonstrated that GPa 68 causes trait expression through temperature-dependent, higher-order genetic interactions 69 involving cryptic variants inherited from both BY and 3S (TAYLOR AND EHRENREICH 2014; 70 TAYLOR AND EHRENREICH 2015b; LEE et al. 2016 ). Subsequently, we identified other de novo 71
and induced mutations that also facilitate expression of the rough phenotype in the BYx3S cross 72 (TAYLOR AND EHRENREICH 2015b; TAYLOR et al. 2016 ). These other mutations tended to also 73 disrupt negative regulation of signaling and transcription within the Ras pathway, and mostly 74 interacted with the same alleles found in the studies focused on GPa. 75
76
In a screen of 106 independently generated BYx3S crosses in which 17% of the crosses 77 produced at least one rough segregant, we also found individuals that expressed the trait despite 78 lacking any detectable de novo mutations . Instead, two-thirds of these 79 segregants inherited recombination events in the promoter of FLO11 ('GPb', Figure 1E ). In 80 total, we recovered six different recombination breakpoints, which all occurred within 1.3 kb of 81 each other. FLO11 encodes a flocculin whose display on the cell surface facilitates cell-cell 82 adhesion; this protein is required for expression of the rough phenotype (LO AND DRANGINIS 83 1996; TAYLOR AND EHRENREICH 2015b). Genetic engineering experiments showed that the 84 recombination events brought at least two alleles at closely linked loci in or near FLO11 onto the 85 same chromosome, resulting in a new FLO11 haplotype that behaves like the mutations 86 described in our earlier studies . Specifically, segregants with a BY 87 promoter and a 3S coding region had the potential to express the trait. Despite discovering GPb comprehensively mapped the loci enabling this GP to exert a phenotypic effect. Thus, it was not 90 possible to compare the genetic basis of the rough phenotype in the presence of GPb to our initial 91 work on GPa. 92 93 Here, we use the rough colony system to determine how different types of GPs interact with 94 distinct cryptic variants in the BYx3S cross to produce the same trait. In addition to GPa and 95 GPb, we also examine a third GP that facilitates expression of the rough phenotype. To generate 96 'GPc,' we knocked out the activator Flo8 and the repressor Sfl1 (Figure 1G) , which are the main 97 transcription factors that act downstream of the Ras pathway to regulate colony morphology in 98 the cross. Previously, we showed that deletion of SFL1 is sufficient to enable Ras-dependent 99 cryptic variants to express FLO11 and that transcription of FLO11 in these sfl1∆ segregants is 100
Flo8-dependent (TAYLOR AND EHRENREICH 2015b). By eliminating these key regulators and 101 screening for segregants expressing the trait, we sought to uncover previously unidentified 102 cryptic variants that can also give rise to the rough phenotype. We successfully recovered one 103 rough BYx3S flo8∆ sfl1∆ segregant, making it possible to examine the genetic basis of the 104 phenotype in the absence of its primary transcriptional regulators. 105
106
In this paper, we comprehensively determine the genetic basis of the rough phenotype across 107 temperatures for GPb and GPc, and compare these results to our past work on GPa. Across the 108 three GPs, we identify 21 loci that contribute to the rough phenotype. Of these loci, 20 show 109 conditional phenotypic effects that are influenced by particular combinations of GP, other loci, 110
and temperature. Although all three factors prove important, GP is by far the strongest 111 determinant of which loci show phenotypic effects, impacting nearly all identified loci. In fact, 112 12 of the detected loci only exert phenotypic effects in the presence of a single GP. Additionally, 113
we find that the identified loci exhibit varying degrees of additivity, epistasis, and genotype-114 were plated on solid yeast nitrogen base (YNB) media lacking uracil to select for retention of the 134 pML104 plasmid. Plasmids were then eliminated from the transformants by plating on 5- was referred to as 'Rough segregant 13'. GPa and GPb were identified in these past studies by 144 taking individual rough F 2 segregants recovered from screens of BYx3S crosses, performing 145 genetic mapping in backcross populations obtained by mating the respective rough F 2 segregants 146 to both BY and 3S, and analyzing whole genome sequencing data for backcross segregants. To 147 obtain a rough F 2 segregant with GPc, flo8∆ sfl1∆ BY and 3S strains were mated to one another. 148
The resulting diploid was sporulated and plated at low density (~300 colonies per plate) onto 149 peptone-ethanol (YPE) plates. A single rough colony was identified after four days of growth at 152
21°C. 153 154

Generation of backcross segregants 155
All data for GPa was described in previous papers (TAYLOR AND EHRENREICH 2014; TAYLOR 156 AND EHRENREICH 2015b; LEE et al. 2016), while data for GPb and GPc were generated in this 157 current paper. To obtain backcross progeny for genetic mapping and segregation analysis, the 158 rough F 2 segregant with GPb was backcrossed to wild type BY and 3S strains, while the rough F 2 159 segregant with GPc was backcrossed to flo8∆ sfl1∆ BY and 3S strains. A second-generation 160 backcross was also performed for GPb; specifically, a rough segregant from the GPbx3S cross 161 was mated to BY. For all backcrosses, diploids were sporulated and plated at low density onto 162 YNB plates containing canavanine to select for random MATa spores using the Synthetic 163 Genetic Array marker system (TONG et al.) . After five days of growth at 30°C, haploid colonies 164 were replicated onto YPE plates and incubated at 21°C. Backcross segregants expressing rough 165 morphology after four days of growth on YPE were inoculated into liquid yeast extract-peptone-166 dextrose (YPD) media and grown overnight at 30°C. Freezer stocks of rough segregants were 167 made by mixing aliquots of these cultures with 20% glycerol solution and storing these glycerol 168 stocks at -80°C. 169 170
Phenotyping at multiple temperatures 171
Cells from freezer stocks were inoculated into liquid YPD media, grown for two days at 30°C, 172 and then pinned onto three YPE plates. Each plate was then incubated at a single, constant 173 temperature: 21, 30, or 37°C. The colonies were then phenotyped for the colony trait after four 174 days of growth, and designated as belonging to one of three temperature sensitivity classes: 175 expression of the trait at 21°C only, expression of the trait at 21 and 30°C only, or expression of 176 the trait at all examined temperatures. Genetic mapping was then performed separately on each 177 of these temperature sensitivity classes. Segregants' genotypes at each SNP were determined using a Hidden Markov model, 194 implemented in the HMM package in R. Loci associated with the trait for each combination of 195 GP, backcross, and temperature sensitivity were identified using binomial tests. Sites were 196 considered statistically significant at a Bonferroni-corrected threshold of p < .01. testing correction was performed on each backcross population on its own, as the number of 198 unique tests varied 837 to 1,526 among these populations. We defined the interval surrounding 199 identified loci by computing the -log10(p-value) at each linked SNP and determining the SNPs at 200 which this statistic was 2 lower than the peak marker at a given locus. These bounds were used 201 in fine-mapping and comparison of loci detected in different combinations of GP, backcross, and 202 temperature sensitivity. 203 204
Testing for genotypic heterogeneity 205
Observed and expected haplotype frequencies for each pair of SNPs were compared using χ 2 206 tests in a custom Python script. Expected haplotype frequencies were calculated as the product of 207 the individual allele frequencies at each of the two sites. To reduce the number of statistical tests, 208
SNPs containing the same information across all segregants in a given backcross population 209
were collapsed into a single marker. The Benjamini-Hochberg method for False Discovery Rate 210 (FDR) (BENJAMINI AND HOCHBERG 1995) was then implemented using the statsmodels Python of the genome within 30,000 bases of the ends of chromosomes were excluded to avoid 213 genotyping errors. 214 215
Exploration of additivity and epistasis 216
Expected multi-locus genotype frequencies were calculated as the product of the frequencies of 217 the individual alleles segregating in a given backcross. For each population, observed and 218 expected genotype frequencies were compared using a χ 2 test with degrees of freedom equal to 219 one less than the number of possible genotypes. These analyses only included loci where both 220 the BY and 3S allele were present among the rough segregants obtained from a population, and 221 were only performed on backcross populations in which more than one multi-locus genotype was 222 present. Allele replacements were performed using a two-step, CRISPR/Cas9-mediated approach. A 232 kanMX deletion strain, generated as described above, was transformed with the pML104 plasmid 233 (LAUGHERY et al. 2015) carrying the Cas9 gene and a gRNA sequence targeting kanMX, along 234 with a PCR product repair template that should result in replacement of kanMX with the desired 235 allele. Cells were plated on YNB plates lacking uracil to select for retention of the plasmid and 236 then plated again onto 5-FOA to eliminate the plasmid. Replacement of the kanMX cassette was 237 verified by PCR and Sanger sequencing, and transformants were plated and screened on YPE to 238 determine the phenotypic effects of allele replacement. Also, in parallel with each allele 239 replacement, we generated control strains where kanMX was replaced with the original sequence 240 at a given site. The phenotypes of allele replacement strains were then compared to the 241 phenotypes of these control strains that were generated in parallel. Engineering of the FLO11 242 promoter was performed in the BYx3S F 2 segregant with GPb. Gene deletions and allele replacements for other genes were performed in a representative BY or 3S backcross segregant 244 harboring either GPb or GPc. 245
246
Results 247
Isolation of a rough flo8∆ sfl1∆ segregant 248
Our past work showed that expression of the rough phenotype in the BYx3S cross occurs due to 249 genetic interactions between GPs that were not present in the cross parents and cryptic variants 250 whether genetic variation beyond the Ras pathway might also be able to contribute to the trait, 253
we knocked out FLO8 and SFL1 in both BY and 3S using CRISPR/Cas9 (Methods). We then 254 employed random spore techniques to generate and screen > 100,000 flo8∆ sfl1∆ (GPc) cross 255 progeny for the trait at 21°C (Methods). We used this condition because the trait is less 256 genetically complex at 21°C than at higher temperatures, making it easier to find rough 257 segregants in a screen ). The GPc screen produced a single rough segregant, 258
implying that expression of the rough phenotype in the absence of Flo8 and Sfl1 requires 259 multiple alleles that segregate in the cross, some of which must be inherited from BY and others 260 of which must be inherited from 3S. 261
262
The three GPs vary in their potential to express the phenotype across temperatures 263
In our previous work, we showed that GPa segregants typically express the trait in a temperature 264 sensitive manner, but that cryptic variation in the cross can eliminate this temperature sensitivity 265 for some individuals (LEE et al. 2016). Because our GPb and GPc rough segregants were both 266 obtained at 21°C, we assessed whether GPb and GPc strains also have the potential to express 267 the trait at higher temperatures. To check this, we backcrossed GPb and GPc F 2 segregants to 268 both BY and 3S, and then phenotyped the resulting progeny at 21, 30, and 37°C (Figure 1H) . 269
Note, such backcrossing generates new multi-locus genotypes that may have the potential to 270 express the rough phenotype at higher temperatures than the F 2 segregants recovered from initial 271
screens. 272
Upon examining 768 GPb and GPc backcross progeny at higher temperatures, we found that 274 some GPb backcross segregants expressed the trait at higher temperatures whereas GPc 275 backcross segregants did not ( Figure S1 ). We observed varying degrees of temperature 276 sensitivity among the rough GPb segregants, with only a minority of rough individuals capable 277 of expressing the trait at all examined temperatures (Figure S1) . In our past work on GPa (LEE et 278 al. 2016), we also found that robustness to temperature was less frequent than temperature 279 sensitive trait expression. This was because ability to robustly express the rough phenotype 280 across temperatures involved more loci than temperature sensitive trait expression. Thus, when 281 considered in light of our past findings, our current results suggest that, in the presence of GPb, 282 ability to express the rough phenotype across temperatures is also more genetically complex than 283 ability to express the trait only at lower temperatures. These findings also show that despite 284 making it possible for the rough phenotype to be expressed at 21°C, GPc provides an inherently 285 limited potential for trait expression at higher temperatures. This may be because Flo8 and Sfl1 286 are necessary for expression of the rough phenotype at 30 and 37°C. 287
288
The GPs uncover distinct loci 289
To map loci involved in expression of the rough phenotype across temperatures, we generated > 290 60,000 and > 12,000 GPb and GPc backcross segregants, respectively. First-generation 291 backcross segregants were used exclusively in mapping, except in the case of the 3S backcross of 292
GPb at high temperature. Because expression of the rough phenotype at 30 and 37°C is rare 293 among GPbx3S backcross segregants (Figure S1 ), determining the genetic basis of the trait 294 among GPbx3S backcross segregants required combining information from the first-generation 295 backcross and a second-generation backcross. Specifically, a rough first-generation GPbx3S 296 backcross segregant was mated to 3S (Figure S2) , which increased the frequency of the trait 297 among backcross progeny by halving the proportion of the genome that was segregating. GPb 298 segregants were phenotyped at 21, 30 and 37°C, while GPc segregants were only phenotyped at 299 21°C. Low-coverage whole genome sequencing was performed on between 48 and 151 300 individuals for each GP-backcross-temperature combination, and loci associated with the trait In past work ( Figure 5 in (LEE et al.) ), we identified eight loci that act in different multi-locus 304 genotypes to enable GPa segregants to express the trait at particular temperatures (Figure 2) . BY 305 and 3S contributed the causal alleles at two and four of these loci, respectively, while the 306 remaining two loci were detected in both the BY and 3S allele states in different multi-locus 307 genotype and temperature contexts (Figure 3) . Here, genetic mapping focused on GPb 308 segregants detected a total of 11 loci across the three environments (Figure 2, Figure S3 , Table  309 S1). Among these loci, six and three were detected in the BY and 3S allele states, respectively 310
( Table 1) . The other two loci were identified in both the BY and 3S allele states, depending on 311 the multi-locus genotype context in which they occurred. Eight of these loci influenced the trait's 312 expression independent of temperature. Of the remaining loci, two were detected among 313 individuals that could express the trait at up to 30°C, while the third was identified among 314 individuals that could express the trait at up to 37°C. In addition, we identified 12 loci in the 315 presence of GPc (Figure 2, Figure S3 , Table S1 ). Among the loci found in the presence of GPc, 316 seven were contributed by BY and five were contributed by 3S (Table 1) we consolidated all detected genomic intervals into 21 distinct loci (Figure 2, Table 1 ). Among 324 these loci, one was found in the presence of all three GPs, 8 were found in the presence of two 325
GPs, and 12 were found in the presence of a single GP. This indicates that nearly all of the 326 detected loci show differential responsiveness to the GPs and that the majority of the loci we 327 have identified are cryptic variants that only act in the presence of specific GPs. However, if our 328 assumption of overlapping loci representing the same cryptic variants is incorrect, then the 329 responsiveness of the identified cryptic variants to GP and temperature would be even higher 330 than discussed in this paper. 331
332
The GPs alter genotype-environment interaction
We assessed how identified loci interact with particular GPs, each other, and temperature to 334 produce the rough phenotype. Given that we performed such an analysis on GPa in the past (LEE 335 et al. 2016) and GPc segregants can only express the trait at 21°C, we focused this analysis on 336
GPb. Note, our past work on GPa found that at particular levels of temperature sensitivity, 337 distinct sets of epistatic cryptic variants form multi-locus genotypes that produce the phenotype 338 (LEE et al. 2016). For example, at 30°C, two distinct combinations of four and five cryptic 339 variants act in conjunction with GPa to cause the trait's expression (Figure 3) . Examination of 340 first-generation GPb backcross segregants produced results comparable to our findings for GPa. 341
Among GPb segregants expressing the trait exclusively at 21°C, we detected a pair of interacting 342 loci on chromosomes XIII and XV, which then allowed us to identify distinct multi-locus 343 genotypes present among these individuals (Figure 3, Figure S4 , Note S1, Methods). Similar to 344 our work on GPa (LEE et al. 2016), only one of the GPb multi-locus genotypes found at 21°C 345 provided a foundation upon which additional allele substitutions can facilitate trait expression at 346 higher temperatures (Figure 3 , black lines). Among these GPb segregants exhibiting the trait at 347 higher temperatures, single multi-locus genotypes indicative of higher-order epistasis facilitated 348 trait expression at temperatures up to 30 and 37°C (Figure 3) . Comparison our results for GPb to 349 our past work on GPa found that more than half of the loci and the exact multi-locus genotypes 350 differed between the two GPs (Figure 3) . These results show that the GPs significantly modify 351 genotype-environment interactions underlying the rough phenotype. 352
353
The GPs affect additivity and epistasis among identified loci 354
The only temperature at which all three GPs enable trait expression is 21°C. To compare the 355 quantitative genetic architectures enabling the three GPs to induce the rough phenotype at this 356 temperature, we used genotype data from backcrosses (Figure 4A through C, Methods) . If loci 357 act in a predominantly additive manner in the presence of a given GP, observed multi-locus 358 genotype frequencies should match expected multi-locus genotype frequencies, which can be 359 calculated as the product of the frequencies of every individual allele involved in a multi-locus 360 genotype. In contrast, if epistasis meaningfully contributes to the trait, observed multi-locus 361 genotype frequencies should depart from expected multi-locus genotype frequencies. Based on 362 these tests, we observed significant deviation from expected frequencies for GPa ( Figure 4A) of these GPs. However, data for GPc suggested that trait expression in the presence of this GP is 365 entirely additive (Figure 4C) . These findings imply that although the three GPs in this study can 366 each enable expression of the same rough phenotype, they do so not only through largely distinct 367 cryptic variants but also through fundamentally different quantitative genetic architectures. polymorphism is likely causal for the trait, we cannot rule out the possibility that some of the 378 SNPs also play a role. 379
380
In addition to being a required component of GPb, we found the BY allele of the FLO11 381 promoter is necessary for GPc segregants to express the trait (Figure 3, Table 1 ). FLO11 has 382 one of the largest and most complex promoters in S. cerevisiae, with more than 17 transcription 383 factors and 6 signaling cascades capable of influencing its regulation (BRUCKNER AND MOSCH 384 2012). Through genetic engineering experiments, we localized the causal variant in the FLO11 385 promoter to a Rim101 binding site that is present in 3S but not BY (Figure 5) . This finding is 
GPa and GPb rough segregants utilize different sub-pathways that impact Ras 398
Excluding the FLO11 coding region and promoter, all remaining loci act in the presence of only 399 one or two of the GPs. To better understand the highly contextual effects of these cryptic 400 variants, we attempted to resolve detected loci to specific genes. Seven of the GPb-responsive 401 loci detected in this study were previously found to interact with either GPa or other GPs in 402 previous papers, in which they were mapped to individual genes TAYLOR et al. 403 2016) ( Table 1) . These genes encode Ras-regulated transcription factors (FLO8, MSS11, MGA1, 404 SFL1), a protein kinase A subunit (TPK3), a TOR pathway component (MDS3), and IRA2. Two 405 of the loci found in the current study among GPb segregants were located on chromosomes II 406 and XIV, and had never been detected in our past work (Figure 2, Table 1 ). Through genetic 407 engineering experiments, we resolved the chromosome XIV locus to SRV2 (Figure S6) Although loci interacting with GPa and GPb primarily act through the Ras pathway and many 416 loci interact with both GPs, some are specific to one or the other. Among these are TRR1 and 417 END3, which were detected in GPa segregants but not GPb segregants, as well as MDS3, SRV2, 418
and TPK3, which were identified in GPb segregants but not GPa segregants. Notably, these 419 genes play a role in activating the Ras pathway through oxidative stress and actin organization 420 (Figure 6) . Actin cytoskeleton stability is required for cell polarity and yeast-adhesion traits, and 421 
Cryptic variation in several pathways underlies the phenotype in GPc segregants 432
Lastly, we sought to determine the genes harboring cryptic variants that interact with GPc. 433
Regarding GPc, 3 of the 10 identified loci also interact with either GPa or b. These loci 434 correspond to END3, IRA2, and a locus on chromosome XII. For chromosome XII and the 435 remaining seven loci, we identified likely candidate genes based on our highly resolved genetic 436 mapping data and publicly available research on these genes' functions and phenotypic effects. 437
One of these loci corresponds to IRA1, a Ras negative regulator and paralog of IRA2 (LEE et al. 438 Table 1) . To obtain additional support for the remaining loci, we performed gene 439 deletions and allele replacements on the identified candidate genes in a GPc rough segregant, and 440 determined the resulting effects on the colony trait (Methods). Knock out and replacement of 441 PMD1, GPA1, SDC25, GPI8, GCN4, and YPT6 resulted in loss of the phenotype (Figure S7a  442 and b), implying that these six genes play positive roles in the phenotype's regulation. In 443 contrast, deletion of DIG1, a protein that directly inhibits the transcriptional activator Ste12, 444 enhanced the trait's expression (Figure S7a and c) . These results suggest that genetic variation 445 in these genes plays a causal role in the rough phenotype. To better understand the extent of cryptic variation within a population, as well as the 471 mechanisms regulating this cryptic variation, we comprehensively determined the genetic basis 472 of a model phenotype that is only expressed in the presence of particular GPs. By doing this, we 473 identified 21 loci harboring cryptic variants that can contribute to the rough phenotype. Notably, 474 all but one of these loci show phenotypic effects that depend on the GP that is present. In 475 addition, because the cryptic variants that are uncovered by each GP vary in their degree of 476 epistasis with each other and interaction with the environment, we find that the trait's genetic 477 architecture significantly differs across the GPs. This results in a multitude of genotype, 478 environment, and phenotype relationships that produce the same trait. 479
2016) (
480
Given the detailed understanding that we have obtained for the colony morphology system, a 481 major question is, how might our findings relate to other traits and species? One major insight 482 from our study that may apply to other systems is that most, if not nearly all, of our findings 483 connect to the transcriptional regulation of a single key gene, FLO11. Supporting this point, the 484 single locus common to all three GPs is the coding region of FLO11, suggesting that regulation 485 of Flo11 levels and stability is the central determinant of the rough phenotype's expression variability in FLO11 regulation to our findings, most of the loci that exhibit phenotypic effects 488 influence FLO11 in trans. Moreover, many of these loci are only visible in the absence of a 489
repressive Rim101 binding site in the FLO11 promoter. These results highlight the potentially 490 important role that cis-regulatory polymorphisms can play in enabling trans-regulatory 491 polymorphisms to exert phenotypic effects. Indeed, cis-regulatory polymorphisms have been 492
shown to modify the effects of trans variants in other systems (REDDY et al. 2012; WONG et al. 493 2017), thereby altering how genetic differences impact traits (PAYNE AND WAGNER 2014). 494
495
In addition to showing that different GPs enable distinct cryptic variants to have phenotypic 496 effects, we also demonstrated that the GPs modify how genotype-environment interactions 497 impact the trait. For both GPa and GPb, we find that certain combinations of epistatic alleles 498 both enable expression of the trait at a permissive temperature of 21°C, as well as provide the 499 genetic potential for the phenotype at higher temperatures. However, different loci and multi-500 locus genotypes enable GPa and GPb segregants to express the trait at higher temperatures. In 501 contrast, GPc individuals are unable to express the phenotype at temperatures above 21°C, 502
implying their potential to express the trait across environments is constrained. These findings 503 support the concept that not all genotypes specifying the same trait possess comparable 504 phenotypic robustness (WAGNER 2012; ; PFENNIG AND EHRENREICH 2014; 505 SIEGAL AND LEU 2014; EHRENREICH AND PFENNIG 2016). In the case of the rough phenotype, our 506 genetic mapping and genetic engineering results imply that differences in phenotypic robustness 507 relate to changes in signaling and transcription factor activity across multiple pathways and sub-508 pathways influencing FLO11. 509 510 Furthermore, whereas the rough phenotype in GPa and GPb segregants involves complex 511 epistatic effects, we find no evidence for epistasis in GPc rough segregants. This implies that by 512 eliminating Flo8 and Sfl1, the main transcriptional regulators of FLO11, we not only uncovered 513 a different set of cryptic variants but also converted the trait's genetic architecture from mainly 514 epistatic to additive. Perhaps this additivity at the phenotypic level reflects the cumulative effect 515 of multiple pathways influencing FLO11 expression at the molecular level. While the majority of 516 the loci that interact with GPa and GPb correspond to components of the Ras pathway, many of 517 the loci found in the presence of GPc are involved in other signaling pathways that may have compensatory functions (Figure 6) . This is consistent with the idea that eliminating Flo8 and 519 Sfl1 might enable other pathways to play a stronger role in expression of FLO11 and the rough 520 in particular on GPc, also shows that background effects can have much simpler underpinnings. 531
In the context of GPc, identified loci each show pairwise epistasis with the GP, but exhibit no 532 epistasis with each other and thus appear to act additively. These differences in quantitative 533 genetic architecture again appear to tie back to FLO11 regulation, consistent with theoretical 534 work suggesting that how GPs perturb gene regulatory networks can impact whether loci show 535 additive or epistatic effects (GJUVSLAND et al. 2007) . 536
537
In summary, our study demonstrates the large amount of cryptic variation that can underlie a 538 single phenotype and strongly implicates complex changes in transcription as a mechanism 539 regulating this cryptic variation. Further, these results suggest a broader insight into the genetic 540 architecture of complex traits. Although it has long been known that traits can vary in genetic 541 architecture depending on the different populations and environments in which they are 542 measured, our findings illustrate that even the same phenotype examined within a single 543 population can exhibit a spectrum of genetic architectures. As shown by the GPs in our study, 544 which of these architectures is visible may depend on only one or two alleles that modify how 545 the rest of the genetic variation in the population behaves. This suggests that characterizing the 546 molecular mechanisms that shape genetic architecture will be an important step in improving our 547 basic understanding of the relationship between genotype and phenotype. 548 Genetic mapping populations were generated by backcrossing a rough segregant with each 573 genetic perturbation to BY and 3S, and screening for the trait at 21, 30, and 37°C. Loci 574 associated with the trait were identified in each backcross for each GP-temperature combination. 575 with GPa and GPb at 21 and 30°C act in different multi-locus genotypes. As shown with black 583 lines, certain temperature-sensitive genotypes provide the potential for additional alleles to 584 enable trait expression at higher temperatures. These additional alleles are designated with bold 585 outlines. In the legend, 'mutant' refers to the de novo or induced mutations present involved in 586 each GP. Additionally, the prFLO11 recombination (GPb) is indicated with a red outline. The causal polymorphism results in a Rim101 binding site only present on the 3S promoter. In 611 panels b through d, red boxes denote allele replacements with phenotypic effects. 612 segregant carrying GPb was backcrossed to BY and 3S. In the case of the cross to 3S, a second-776 generation backcross to BY was then performed, which was necessary to enrich for segregants 777 that express the rough phenotype at 37°C. 778 Replacement of the BY SRV2 allele with the 3S version results in loss of the rough phenotype. A 801 similar loss of phenotype is also observed when SRV2 is deleted. 802
